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Rationale and Objectives. A novel method to compute the centerline of the human colon obtained from computed to-
mography colonography is proposed. Two applications of this method are demonstrated: to compute local colonic disten-
sion (caliber), and to match polyps on supine and prone images.

Materials and Methods. The centerline algorithm involves multiple steps including simplification of the colonic surface
by decimation; thinning of the decimated colon to create a preliminary centerline; selection of equally spaced points on
the preliminary centerling; grouping neighboring points; and mapping them back to rings in the original colon. This
method was tested on 20 human computed tomography colonography datasets (supine and prone examinations of 10 pa-
tients) and on a computer-generated colon phantom.

Results. Visual inspection of the colons and their centerlines showed the centerline to be accurate. For the colon phantom,
the average error was only 1 mm. For 11 polyps visualized in both the supine and prone positions and found by comput-
er-aided detection, the normalized distance along the centerline to each polyp was not significantly different on the supine
and prone views (r = 0.999; P < .001).

Conclusion. This method produces an accurate colon centerline that may be useful for flight path planning, matching de-
tections on the supine and prone views, and computing local colonic distension.
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Computed tomography colonography (CTC, aso known
as virtual colonoscopy) is a relatively new diagnostic test
for the colon. It consists of a computed tomography (CT)
scan of the patient rather than the traditional invasive
colonoscopic inspection. With CTC, one can diagnose
colon cancer or polyps at an early stage (1).
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Recently, severa research groups have developed com-
puter-aided detection (CAD) software that identifies co-
lonic polyps (2). The purpose of CAD is ultimately to
improve the performance and lower the cost of CTC.
Computed-aided detection is in an early stage of develop-
ment. Early experiments indicate that a number of impor-
tant techniques may play roles in improving CAD, includ-
ing recognizing normal structures such as the ileocecal
valve, assessing and responding to differing degrees of
colonic distension or caliber, and using the supine and
prone views together (3). To this end, we report a novel
centerline algorithm for CTC that: (A) creates a coordi-
nate system for use in recognizing different parts of the
colon; (B) assesses local colonic distension; and (C) al-
lows matching of polyp detections on the supine and
prone views.
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MATERIALS AND METHODS

Given the 3-dimensional (3D) surface of a colon ac-
quired from a CTC examination, we sought to find an
ordered set of 3D points that define the colon’s centerline.
We first provide a brief overview of the implementation
and then give more details of the algorithm.

Our method involves six steps (decimation, thinning,
modeling, remapping, centerline computation, and final
remapping) applied sequentialy (Fig 1). The starting
point is the origina colon surface (Soc), produced from
the CTC images using a region growing segmentation and
isosurface extraction (4). The threshold for the isosurface
extraction was —800 Hounsfield unit (HU). The “march-
ing cubes’ agorithm was used to extract the isosurface
(5). The surface is composed of many small triangles,
which are described by their vertices and edges. In this
article, vertices are described using the notation VT[i].

Decimation (Figure 1-Step 1)

The Sgc is simplified using decimation to minimize the
number of operations performed in subsequent steps. Dec-
imation keeps the general appearance and topology of the
colon but reduces the number of vertices by approxi-
mately 80%; it does this by removing vertices in regions
of the surface with low curvature (6,7). The result of this
step is the decimated colon surface (Spe). We used the
visua toolkit (VTK; Kitware Inc, Clifton Park, NY) im-
plementation of decimation (6,7) and chose the following
parameters required by that software: maximum number
of iterations, 200; target reduction, 0.1; initial error 0.003;
preserve topology, ON; preserve edges, OFF; boundary
vertex deletion, ON.

Thinning (Figure 1-Step 2)

We computed the thinned colon surface (Syc) by itera-
tively averaging the distances between colon vertices in
the Spc (Fig 2). The thinning is equivalent to applying a
Laplacian operator to each vertex V[i] (8). If vertex V[i]
has NJ[i] neighbors and all of these neighbors are in a
neighborhood N;, the formula for thinning is:

> V]

v[jleNi

V[i] = N[0T )

Thinning is done iteratively; we use 1,000 iterations
(Table 1). The main effect of applying the Laplacian op-
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Figure 1. Flowchart of the centerline computation algorithm.

erator is a shrinkage of the local colon diameter. There
are two side effects of thinning: tight loops are smoothed
and the entire colon is compressed dightly. Both side
effects are corrected in the remapping step. Figure 2
shows the consequences of differing numbers of thinning
iterations. We can see that the local average diameter of
the colon is much smaller and the local folds are col-
lapsed. The number of vertices does not change by thin-
ning. Spc and Sy have the same number of vertices and
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C.

Figure 2. Thinning evolution of a 3D colon surface (step 2 of
Fig 1). (@) Three-dimensional surface of the human colon recon-
structed from a CT colonography dataset. (b) Thinned 3D surface
of the human colon; 250 (dark red), 500 (green), and 1,000 (blue)
iterations. (c) Detail.

the same vertex connectivity. We are using floating point
numbers to store and process the coordinates of the verti-
ces so the vertices can move as close as desired. The
movement of vertices starts to decrease as the vertices
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Table 1
Centerline Computation Parameters

Description Value

Number of thinning iterations (Figure 1- 1,000
step 2)

Modelling distance (Figure 1-step 3)

Thickness of ring edges used to compute
the centerline point (Figure 1-step 5)

1 (cm)

0.015 of the colon
span along the z-
axis (approximately
6 mm)

Size of the cube used for vertex 1 (cm)

classification (Figure 1-step 6)

become close because the average of a vertex’s neighbors
will be close to the vertex’s present position. By reducing
the number of vertices and increasing the mean spacing
between vertices, decimation improves thinning effi-
ciency.

Modeling (Figure 1-Step 3)—We create a model of
the Src by taking equally spaced vertices from the S;¢
(Fig 3). The model of the S;¢ will be composed of
straight segments that connect these approximately
equally spaced vertices from the S;c. To obtain the cor-
rect vertices, we use a region growing strategy in which
we start from a seed point and identify vertices connected
to the seed.

Let V[i] be vertex index i from the S;¢ and N; be all
neighbors of V[i]. MD is the modeling distance, 1 cm,
the average distance between modeling vertices (Table 1).
The following pseudocode visits each vertex, stores in a
stack indices requiring further processing and saves indi-
ces of the S;c model vertices in a vector called M.

Pseudocode:

Create and initialize to zero table “Visited,” having
length equal to the number of verticesin S;¢;

Create array MI, having 0 length;

Figure 3. Modeling the colon by an ordered
set of 3D points (step 3 of Fig 1). (a) Portion of
the thinned colon. Note that the diameter of
this portion is much less than that of the origi-
nal colonic segment from which it was derived.
Its vertices (red crosses) and their connectivity
are displayed. (b) Some vertices are selected to
model the thinned colon (green circles). (c)
Model of the thinned colon. The model is now a
piece-wise linear curve instead of a surface
mesh. (d) Portion of the thinned colon and its
piece-wise linear model.
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Select arandom index r;
Append r to Ml;
CurrentModelIndex = r;
Visited[r] = 1;
Push r onto the stack;
While (stack is not empty){
inti = Pop from stack;
Compute N;;
For each V[K] in N; {
If (Visited[k] !'= 1){
If ((Distance between V[CurrentM odel I ndex]
and V[k]) > MD){
Append CurrentM odelIndex to Ml;
CurrentModelIndex = k;

}
Push V[k] onto the stack;
Visited[K] = 1,

}
}
}

When the above loop stops MI will contain the indices
of the vertices selected to model the S;c. We only push
unvisited indices in the stack so the above loop is guaran-
teed to stop. Because MD is several times bigger than the
local diameter of the S;c, none of the direct neighbors of
initial vertex V[r] will pass the distance criterion. By
checking its neighbors and moving from neighbor to
neighbor (and marking each visited vertex) we will ulti-
mately find another vertex V[rl] at distance MD from
VIr] (thus, MI[1] will be set to r1). We subsequently add
vertex V[r2] at distance MD from V[r1] and so on. When
the above loop ends, the last model index e (the last ver-
tex index appended to MI) is close to the end of the S;c
and we perform a final step by searching the farthest ver-
tex V[f] from vertex e in the direction (V[e]-V[e-1]). We
then append f to M1 and thus obtain the complete model,
with the last ring being shorter that the average but being
sure we covered the whole S;c.

The resultant model covers the entire colon under the
condition that the origina vertex V|[r] is at either end of
the colon (rectum or cecum). But because r is a random
number, we cannot guarantee that this condition will hold,
so we need to modify our algorithm. Therefore, we com-
pute two models of the S;¢, one covering from V[r] to
the rectum, the other from V[r] to the cecum, and then
merge the two models.

For purposes of display, the ordered set of 3D pointsis
spline-interpolated to provide a smoother curve by adding
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three new points between each two existing model points.
Figure 4 shows the results of thinning and modeling.

Remapping (Figure 1 - Step 4)

We use the model to compute slices through the S;¢
that correspond to rings in the Spc. Rings are cross-sec-
tions of the Sy¢ that are roughly small cylinders about 1
cm in height. Using the one-to-one mapping of the verti-
ces on the S;¢ and Sy, the indices of the vertices from
the same dlice in the S;¢ are used to get aring in the Spc.
The agorithm that performs the S;¢ - Spc remapping is:

For each 3D point P, of the model:

1. Take adjacent points P, and P, of the model.

2. Compute two planes perpendicular to the S;c
model, one passing through each of the corresponding
points P, and P, ;. These planes define a perpendicular
ring of the S¢. The plane through P, is perpendicular to
the segment defined by P_; and P, ,, while the plane
through P, ,is perpendicular to the segment defined by P,
and P,,.

3. Select all the vertices of the S;¢ that lie between
these two planes.

4. Map these vertices one-to-one to the Spe.

The result is vertices from the Sy that are grouped in
ring-like areas, where each ring is approximately perpen-
dicular to the colon centerline. Because the colon is a
deformable structure, the rings normally appear irregular
as shown in Fig 4.

Centerline Computation (Figure 1-Step 5)

The centers-of-mass of the edges of adjacent rings of
the Sy is the local centerline point. We determine the
local centerline point by averaging the vertices at the
rings edges. The edge of aring is defined as 0.015 of the
colon amplitude on the Z direction (6 mm for a 40 cm
span along the Z axis; Table 1). The resulting points at
the center of each ring are again interpolated for purposes
of display using spline functions. The ring centers and
interpolated points constitute the final centerline. For in-
terpolation we use the Catmull-Rom spline (9).

Approximately 2% of the interpolated points may fall
outside the colonic lumen. The majority of these occur
because of the distortion of the lumena surface caused by
the presence of the rectal tube, or because the centerline
connects disconnected segments of colon secondary to
collapsed intervening colonic segments. Less than 1% of
the interpolated points fall outside the colonic lumen be-
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Figure 4. Steps in the centerline algorithm. (a) Original 3D co-
lonic surface from prone CTC. (b) Blue curve shows the prelimi-
nary centerline after thinning and modeling. Preliminary center-
lines may not lie within the colonic lumen. Green curve shows the
final centerline after remapping. The final centerline lies within the
colonic lumen. (c) Detail of sigmoid colon (blue box in (a)). (d)
Segmented colon. Colon rings (cross-sections) are colored.

cause of other causes, for example, if the ring contains a
large concavity, which may occur when the colon is par-
tially collapsed. In this case, a heuristic is applied. First,
interpolated points falling outside the colon (V) are de-
tected by determining intersections between the centerline
and the colonic wall. Second, for each point V,, a plane
is computed which contains V, and is normal to the vec-
tor formed by V, — V_;, where V, and V_; are points adja-
cent to V, on the centerline. In this plane a series of 10
rays are computed that pass through V, and cover the
entire plane. Each ray is traversed until it pierces the co-
lonic surface twice. Finaly, we keep the ray that gives
the smallest distance between V, and the colon surface.
The centerline point V is then moved along the ray to
the midpoint of the two ray-surface intersections. In rare
cases, a portion of the centerline may lie outside the co-
lonic surface, even though the points on either end of the
line segment may lie within the lumen. This situation
may be addressed by adding additional interpolating

Figure 5. Detail of the centerline in different colonic segments.
Colonic surfaces are semitransparent with the corresponding cen-
terlines shown as a green curve. This is the same patient shown
in Figure 4. Portions of the (a) splenic flexure, (b) hepatic flexure,
and (c) transverse colon are shown.

points along the line and then adjusting the line as above.
The heuristic described here is relatively computationally
expensive (approximately 90 seconds) and is generally
unnecessary for practical applications. Therefore, we do
not include timing for this step in the reported results.
The results shown in this article were obtained without
this correction.

Mapping the Sy to the Soc (Figure 1-Step 6)

A second mapper associates vertices in the Sy with
the vertices in the Sy based on a minimum distance cri-
terion between the vertices of the two surfaces. The cor-
respondence is one to many so that a vertex from the Sy
may be mapped to one or more vertices in the Syc. Based
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on the correspondence of the vertices on the Sy and Soc
we can segment the Soc and split the surface into rings
(Fig 4). The centerline of the Soc is the same as the cen-
terline of the Spc.

To limit the search space and improve computational
efficiency in performing this second mapping, a process
called “vertex classification” is performed. Vertices in the
Spc and Spcare grouped into classes corresponding with 1
cm (Table 1) cubes according to their spatia coordinates.
All vertices in the same cubic centimeter of volume are
assigned to the same class. Because only vertices in
neighboring classes need to be searched, there is a sub-
stantial performance improvement, provided each class
has the same number of vertices. So, for example, if ver-
tices were evenly distributed throughout a 40 X 40 X 40
cm volume, the speed improvement would be greater than
1,000. In practice, the classes have differing numbers of
vertices so the acceleration will be variable.

Smoothed Centerline for Correlation with Optical
Colonoscopy Distances

The computed centerlines could be very twisted (fol-
lowing every distortion of the colon) and could overesti-
mate the length of a typical colon. By choosing a thicker
ring (larger modeling distance) and thinner edge (Table
1), we aobtain smoother centerlines and more appropriate
colon length values on the order of 1.5 meters. We recog-
nize that this calibration step injects arbitrariness into the
method and definition of colon length. However, it should
be recognized that because the colon is a distensible and
stretchable structure, it does not have one best length,
only an approximate length.

Patient Scanning

Computed tomography colonography was performed
on 10 patients in both supine and prone positions yielding
20 CTC datasets with same-day conventional colono-
scopic validation. Nine patients were scanned using a
multi-detector helical CT scanner (10) and one was
scanned using a single-detector helical CT scanner (11).
The acquisition technique consisted of 5 mm collimation,
reconstruction interval 3 mm, 120 kVp and 20-120 mA.
We corrected for the scan overlap for the one patient
scanned on the single-detector scanner. Seven of the pa-
tients had 11 colonoscopically proven polyps (mean size
at colonoscopy 1.4 cm; range, 0.3-2.6 cm) seen on both
the supine and prone views. These polyps were detected
on both views by a CAD system previously described
(4,12).
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Validation

We tested the accuracy of the centerline in three ways.
First, we built a colon phantom composed of four digoint
cylinders, each of radius 1.0 cm, meant to simulate
straight and angulated colonic segments. The phantom is
adigital construct created entirely in software. We com-
puted the error between 100 centerline points and corre-
sponding points along the axis of the cylindrical phantom.

Second, we evaluated the accuracy of the centerlines
of the patient data. Unfortunately, there is no accepted
definition of a perfect centerline, so for this part of the
validation, our goal was a centerline that stayed inside the
colon and that was roughly in the “center” of the colon.
To ascertain whether we had met this goal, we evaluated
the accuracy of the centerline by visual inspection, with
particular attention to how the centerline behaved in
sharply angulated or partially collapsed colonic segments.
We used an opaque surface reconstruction of the colon to
confirm that the centerline stayed inside the colon. Also,
by increasing the transparency of the surface, we were
able to compare the centerline and the original colon si-
multaneoudly. We aso ran a computer program that ana-
lyzed the centerlines to detect centerline points that lie
outside the colonic lumen.

Third, we evaluated the accuracy of the coordinate
system that is produced as a byproduct of the centerline
algorithm. To perform this validation, we determined
whether the location of the internal landmarks (the polyps
described above), computed using the centerline, agreed
on the supine and prone views.

Implementation Details

Our agorithm is written in C++ using the Open In-
ventor API (Silicon Graphics, Inc, Mountain View, CA),
the Qt cross-platform GUI (Trolltech, Oslo, Norway) and
the SoQt library (Systems in Motion AS, Oslo, Norway).
The programs were run on a Dell Workstation PWS530
PC (Dell Computer Corp., Round Rock, TX) with Intel
1.5 GHz processor, 400 MHz system bus, 2 GB memory
(RAM) and Microsoft Windows 2000 operating system
(Microsoft Corp., Redmond, WA).

Applications

The utility of the centerline was shown for two appli-
cations. First, the volume of each ring was used to quan-
tify local colonic distension. Second, the normalized dis-
tance along the centerline (NDAC) was computed and
compared for a series of polyps seen on both the prone
and supine examinations.
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Supine

b.

Figure 6. Simple colonic phantom. (a) Centerline (green) and
colon rings (colored cross-sections) are shown. (b) Detail from
inside colon phantom. The black straight line is the cylinder’s axis
and the grey curve is the computed centerline.

Paired t-tests were used to compare lengths and disten-
sions on the supine and prone views. In the figures, to
correct a mirror inversion in the CAD software, images
have been flipped left-to-right to place the colons in their
correct anatomic position.

Colon distension
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Figure 7. Distension along the length of the colon for the su-
pine and prone scans of the same patient shown in Figure 4. The
plots show local colon profiles as a thin pink curve and rolling
averages in dark blue. The rolling averages were performed with a
mobile window of five samples to provide a smoother curve and
show the local trend. The horizontal axis values are the normal-
ized distance along the centerline (NDAC) for each ring (0 = rec-
tum, 1 = cecum). The vertical axis values are the average disten-
sion of the colon ring, expressed as the mean distance of the co-
lonic wall from the centerline in centimeters. Because these
distension values are in some sense radial measurements, they
correspond with approximately half the visually apparent colonic
distension that might be measured by a radiologist.

RESULTS

We obtained a visually appropriate centerline in all 20
cases. Example centerlines are shown in Figures 4 and 5.

For the digital colon phantom, the computed centerline
was also excellent. The average error for the colon phan-
tom was 1.1 = 1.0 mm, which is appropriate for clinical
use (Fig 6).

Figure 7 shows the distension of one patient’s colon
on the supine and prone views plotted as a function of
position along the centerline. Although the two colon pro-
filesin Figure 7 may look visualy similar, thisis not a
typical result. Usually colon profiles are not similar in the
supine and prone positions because of high variability of
the colon and different scanning conditions (air is typi-
caly lost and re-insufflated between the scans). However
the final colon lengths (198 and 195 cm, respectively) and
average distension (1.6 and 1.8 cm, respectively) were
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Figure 8. Comparison of normalized distance along the center-

line (NDAC) for the supine and prone CT colonography exams for
11 polyps in seven patients. Each polyp was found by computer-
aided detection on both the supine and prone examinations.
There is excellent correlation (2 = 0.999) between the NDAC val-
ues indicating an accurate match.

very similar, as expected. Also, as could be expected
from normal anatomy, the rectum and cecum (0 and 1 on
the X axis in the figure, respectively) had the greatest
distension and the rectum was better distended on the
prone exam.

The mean colon lengths (= SD) for the supine and
prone exams were 146 + 26 and 144 + 28 cm, respec-

Figure 9. Graphical user interface to display
results. The colored disks superimposed on the
colonic surface (left) indicate the boundary of
each anatomic colonic segment, and are
placed interactively by moving the sliders EArRE
(shown at right). There are seven sliders,
which separate the eight colonic segments. The
disks move along the centerline as the sliders
are dragged. When the user has finished plac-
ing the disks, the centerline coordinates of the
separators are saved to a file. These coordi-
nates enable the conversion of centerline nor-
malized distances to anatomic segments re-
ported by the colonoscopist. The converted
distances are useful for automated matching of
computer-aided polyp detections with the loca-
tion of known polyps and for assessing the
spatial distribution and dependence on disten-
sion of false positive detections.
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Table 2
Centerline Computation Results

Supine Prone P Value
Colon length (cm) 146 *= 26 144 + 28 .67
Distension (cm) 1.6+0.2 1.5*+02 .28
Colon rings (n) 119 + 22 120 = 26 .92

NOTE. Values on supine and prone scans are expressed as
mean * standard deviation. There are no statistically significant
differences between the measured values on the supine and
prone scans.

tively (Table 2). The mean signed difference was —7 = 9
cm (NS, P = .67).

The distensions for the supine and prone exams, ex-
pressed as the average distance of points on the wall of
the colon as measured from their corresponding centerline
points, were 1.6 = 0.2 and 1.5 = 0.2 cm, respectively
(NS, p=0.28). Note that each ring contributes one disten-
sion value to this calculation, that value being the average
distension measured in that ring. Because no rings are
present in a collapsed segment, this calculation excludes
collapsed segments and provides distension assessment
only for partially distended or fully distended colonic seg-
ments. The mean numbers of colonic rings for the supine
and prone exams were 119 * 22 and 120 *+ 26, respec-
tively (NS, p=0.92).

Figure 8 shows a comparison of normalized distance
along the centerline (NDAC) for 11 polyps in 7 supine
and prone cases. The slope in Figure 8 is not significantly
different from 1 (r=0.999; p<0.001), indicating strong
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correlation. The mean signed difference of NDAC on the
supine view compared to the prone view was —0.01 +
0.01 (range —0.03 to 0.02). The “limits of agreement” for
the mean signed difference (average difference + 2 stan-
dard deviations) is —0.03-0.02 (13). For a colon of
length 150 cm, the limits of agreement are —5 to 3 cm.

The graphical user interface we developed to enable
practical use of the centerline information is shown in
Figure 9. The interface displays the colon rings, permits
automated fly-throughs, and allows one to define the
boundaries between anatomic segments (such as the sig-
moid and rectum, or the splenic flexure and descending
colon).

The average time for decimation was 45 seconds
(maximum, 65 seconds). The average computing time
(excluding decimation) was 59 seconds (maximum, 73
seconds). If we include times for decimation we get a
total average execution time of 108 seconds for the entire
program.

The centerline of an anatomic structure is an important
tool for medical 3D data analysis and display. The center-
line fulfills the need for an anatomically based coordinate
system. Such a coordinate system is useful for making
measurements, for locating abnormalities, and for guiding
intervention. For CTC in particular, an accurate centerline
allows the user to perform automated fly-throughs (14—
18), to create alternative displays like “virtual pathology”
(19), to define anatomic regions (eg, rectum, cecum, etc),
to extract important features like distension, and to make
statistical assessments such as polyp spatial distribution.

Our algorithm produced a visually accurate centerline
for al the colons in our study. The algorithm also pro-
vided estimates of local colonic distension and a coordi-
nate system for measuring distance along the centerline
from a landmark (eg, the distal rectum). On the phantom,
the mean error was only 1.1 mm, which is not significant
for the intended use.

We found extremely strong correlation (r = 0.999)
between the NDAC for the identical polyps detected by
CAD on both the prone and supine views. The mean dif-
ference in NDAC computed along the supine and prone
colon centerlines was only 1%, with a standard deviation
of 1%, a difference so small as to be clinicaly unimpor-
tant. In addition, the limits of agreement are from —5 to
3 cm. Given the elagticity of the colon, this range is re-
markably good. This result not only validates the accu-

racy of the centerline coordinates, but indicates a novel
application, namely that the NDAC could be used to
match polyp detections on the two views. Such matching
could improve radiologist efficiency during image inter-
pretation or increase the sensitivity of CAD. The dis-
tances along the centerline might also be useful for guid-
ing colonoscopists or surgeons to a target lesion, or in
matching detections on follow-up scans, athough these
applications were not specifically tested.

Our algorithm is fully automated for well-distended
colons and fast (less than 2 minutes on a PC). The first
and last points of the centerline are also determined auto-
matically.

Because we obtain not only the centerline but also the
rings of the colonic surface, we have developed a new
method to segment topologically cylindrical shapes. Our
method can be used in general in image segmentation of
tubular structures in 3D. In addition, our algorithm de-
scribes a means to group surface elements of such a
structure according to a local coordinate system and
hence to enable more efficient processing of such a sur-
face.

Our centerline can also be used to create automated
fly-throughs. The centerline provides the virtual fly-path
elements. the projection of the rings onto a plane perpen-
dicular to their axis defines what the user wants to see
during virtual navigation for inspection of the colonic
wall. In other published research, the fly-through is the
main application of the centerline (15,17,18,20-25). We
did not perform a detailed assessment of fly-throughs us-
ing our centerline because CAD, not fly-throughs, is our
primary application of the centerline.

The centerline we have developed may be useful for
clinical applications other than the colon. For example, it
may be useful for other nonbranching anatomic structures
such as the esophagus, small bowel, and ureters. One may
be able to use the centerline and distension measurements
to detect caliber change or lobulation. To segment long
tubular structures, one may analyze the orientation or cur-
vature of the centerline to detect bends or tortuosity to,
for example, identify the different segments of the duode-
num.

In some special situations that occur clinically (eg,
collapsed colons) we applied our algorithm for each piece
of the colon and then merged the resulting centerline. In
such cases we need user supervision to check merging
accuracy because it is not always true that the closest
ends of two colon pieces are connected. Dealing with
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collapsed colons needs to be improved, but is a problem
with most published centerline algorithms.

The concept of the centerline of a 3D surface is not
well defined. It is close to the more mathematically elabo-
rated concept of skeletons. Intuitively, the centerline of a
colon-like surface should be the curve that stays inside
the colon and never goes “too close” to the walls.

In addition to natural questions like how to define wall
closeness, there are aso specific clinical problems. In our
case, we desire a reference line to compute distances and
distensions along the colon because our purpose is to be
able to identify polyps, to compare our detections with
colonoscopist-provided data, and to register detections on
the supine and prone examinations. Colons differ from
patient to patient, for the same patient in supine and
prone position (because of gravity and because air may be
lost and re-insufflated between inspections), or for the
same patient in the same positions but inspected at differ-
ent times. The colonoscope is semi-rigid and cannot make
sharp bends; it will press against some of the colon walls
particularly in curving portions such as the flexures and
sigmoid colon; and the colon will tend to telescope
(bunch up or stretch out) along its length. So, to achieve
a centerline that approximates the colonoscope path, we
need some sort of smoothed centerline and we alow it to
be reasonably close to the wall of the colon. Thus, the
colon lengths reported using any method must be re-
garded as approximate values. Despite these problems,
not only were the colon lengths on the supine and prone
views not significantly different, but also the calculated
differences were so small as to be clinically unimportant.

Centerlines can be used to improve user interaction.
One can use the centerline to minimize computational
effort during rotations and tranglations of complex sur-
faces and volumes. As the 3D surface is moving, the user
does not need a high-resolution surface but only an idea
about its spatial position. The centerline is the ideal surro-
gate to the complete surface or volume during such
movements. If the centerline is replaced with the original
shape once the user stops moving, one obtains a faster
user-interactivity without losing static image accuracy.

Other methods of centerline determination include
computing center of mass for growing voxels (20), topo-
logic thinning (“onion peeling”), cell decomposition (26),
skeletons and cost functions (21,27-29), graph extraction
from a distance map (30), Dijkstra shortest path (31), and
penalized distance from a source field (15,18,19,22-24).
The general approach is to use a regularly spaced discrete
grid to place the control voxels of the centerline. To gen-
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erate an accurate centerline, we need a very fine grid.
Thus, we need to process a large number of grid points to
decide which belong to the centerline. Our method does
not use a grid and our control points can have any posi-
tion in space. Our method allows flexibility in choice of
the control points' positions and consequently requires
fewer computational and storage resources.

Topologic thinning is proved to give accurate results
but may be computationally expensive and extra care
must be taken to keep the topology of the object (15,22).
Distance mapping techniques (24,27,31) are faster, but
they require more correcting steps because the colon to-
pology is not aways preserved: if the colon is thick, it is
possible to obtain a branched skeleton. In contrast, our
method preserves the colon topology (no branches are
added) and is relatively fast (all data processing takes less
than 2 minutes). Using the ring's average to compute a
centerline point and average colon distension to estimate
the colon profile has been proposed as a method to regis-
ter patient colons on supine and prone CTC (25).

Another important difference between existing methods
and ours is that we do not require the whole 3D set of
voxels but only the 3D colonic surface. This is advanta-
geous because the 3D colonic surface is aready deter-
mined by existing CAD software (11). Because of this
characteristic, our algorithm may have application to
other problem domains in which the input data is a sur-
face. Another benefit is that the colon rings are obtained
naturally as part of the algorithm, This is an advantage
over other methods that require additiona processing
steps (32). It may be possible to view polyps more advan-
tageoudly by dicing the colon into rings and viewing the
rings individualy.

Our algorithm does have limitations. Because our ap-
proach does not use voxels arranged on a rectangular 3D
grid, it is more difficult to implement classical morpho-
logic and minimizing cost function algorithms. However,
because our algorithm is separable, hybrid approaches to
this problem are possible (33). In addition, our agorithm
does not deal with topologic handles that can form when
parts of the colon touch (27). We are investigating ways
to correct these handles using a manual correction but an
automated method would be desirable. The agorithm that
corrects portions of the centerline that lie just outside the
colon is computationally expensive; this problem is un-
common and the correction is unnecessary for most prac-
tical applications. The phantom also has limitations be-
cause it lacks folds and gentle undulations. However, the
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centerline of a more complex structure can be more diffi-
cult to define as we have already described.

In summary, we developed and validated a novel cen-
terline algorithm that is fast, fully automated, requires
only the colonic surface representation, and provides co-
lonic distension assessment and accurate polyp matching.
The algorithm may be useful as part of a CAD system or
as an aid to clinica interpretation.
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